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MAP Kinase Translocates into the Nucleus
of the Presynaptic Cell and Is Required
for Long-Term Facilitation in Aplysia
Kelsey C. Martin,*² Dan Michael,*³ Jack C. Rose,² reconstituted in dissociated cell culture where a single,
transient application of serotonin (5-HT), a neurotrans-Mark Barad,² Andrea Casadio,² Huixiang Zhu,*²
mitter released by interneurons during training for sensi-and Eric R. Kandel*²
tization, produces short-term facilitation lasting ,2 hr*Howard Hughes Medical Institute
(Rayport and Schacher, 1986). By contrast, five repeated²Center for Neurobiology and Behavior
applications of serotonin produce long-term facilitationCollege of Physicians and Surgeons of
lasting at least 24 hr (Montarolo et al., 1986). Both inColumbia University
vivo and in culture, the consolidation of short-term toNew York, New York 10032
long-term facilitation requires activation of PKA, gene
expression, new protein synthesis, and the growth of
new synaptic connections (Bailey and Chen, 1983, 1988;Summary
Montarolo et al., 1986; Schacher et al., 1988; Castellucci
et al., 1989; Dash et al., 1990; Glanzman et al., 1990). ThisLong-term facilitation of the sensory to motor synapse
growth process is associated with a down-regulationin Aplysia requires gene expression. While some tran-
of apCAM, an NCAM-related cell adhesion moleculescription factors involved in long-term facilitation are
whose internalization leads to defasciculation, which isphosphorylated by PKA,others lack PKA sites but con-
thought to be a prerequisite step to process outgrowthtain MAP Kinase (MAPK) phosphorylation sites. We
and the formation of new synaptic connections (Baileynow show that MAPK translocates into the nucleus of
et al., 1992; Mayford et al., 1992).the presynaptic but not the postsynaptic cell during
Several of the molecular steps underlying the long-5-HT-induced long-term facilitation. The presynaptic
term process and its requirements for transcription andnuclear translocation of MAPK is also triggered by
translation have now been elucidated. These includeelevations in intracellular cAMP. Injection of anti-
activation of CREB1-mediated transcription (Dash etMAPK antibodies or of MAPK Kinase inhibitors into the
al., 1990; Bartsch et al., 1996, Soc. Neurosci. abstract),presynaptic cell blocks long-term facilitation, without
derepression of the transcription factor CREB2 (Bartschaffecting basal synaptic transmission or short-term
et al., 1995), induction of the transcription factor C/EBPfacilitation. Thus, MAPK appears to be specifically re-
(Alberini et al., 1994), and down-regulation (Mayfordcruited and necessary for the long-term form of facili-
et al., 1992) and internalization (Bailey et al., 1992) oftation. This mechanism for long-term plasticity may
the cell adhesion molecule apCAM from the sensorybe quite general: cAMP also activated MAPK in mouse
neuronal plasma membrane. While PKA is an essentialhippocampal neurons, suggesting that MAPK may
component of the signal transduction pathway for con-play a role in hippocampal long-term potentiation.
solidating certain types of long-term memory, the long-
term process is complex and has several components
that are likely to require additional signaling pathways.Introduction
For example, long-term facilitation requires not only the
activation of CREB1 but also the removal of the repres-Studies of different forms of learning in species as di-
sive action of CREB2. However, CREB2lacks consensusverse as Aplysia, Drosophila, and mouse have shown
sites for PKA phosphorylation (Bartsch et al., 1995). Thisthat short-term synaptic plasticity depends on the cova-
has led us to wonder whether other second messengerlent modification of preexisting synaptic molecules by
systems might be involved in the induction and mainte-second messenger kinases. By contrast, long-term
nance of long-term facilitation. One clue was providedchanges in synaptic strength require the activation of
by CREB2: whereas CREB2 lacks phosphorylation sitescAMP-dependent protein kinase (PKA), transcription,
for PKA, it has two conserved consensus sites for MAPKtranslation, and the growth of new synaptic connections
phosphorylation (Clark-Lewis et al., 1991; Gonzalez et(Goelet et al., 1986; Davis and Squire, 1984; Alberini et
al., 1991). Might MAPK, which mediates terminal differ-al., 1994; DeZazzo and Tully, 1995; Carew, 1996; Bailey
entiation and a wide variety of cellular processes, includ-et al., 1996). How is this PKA-initiated growth achieved?
ing proliferation, development, and control of the cellWhat are the other intracellular signaling pathways trig-
cycle (Blumer and Johnson, 1994; Graves et al., 1995),gered by learning that lead to the outgrowth of new
also play a role in synaptic plasticity in the adult animal?
synaptic connections?
Multiple parallel and interacting MAPK cascades have
To address these questions, we first studied long-
been identified in mammals and in yeast, and these
term facilitation of the connections between sensory
typically operate through the sequential activation of a
and motor neurons of the gill-withdrawal reflex in
protein kinase cascade that carries extracellular signals
Aplysia. This well-characterized model of synaptic plas-
from the plasma membrane to cytoplasmic and nuclear
ticity underlies behavioral sensitization of the reflex, a
targets (Graves et al., 1995). Our attention was drawn
simple form of nonassociative learning (Bailey et al.,
to its potential involvement in synaptic plasticity and
1996). Facilitation of the sensory±motor synapse can be
growth by the finding that the MAPK system mediates
graded responses to extracellular signals (Marshall,
1995; Ferrel, 1996). For example, in PC12 cells, EGF³Present address: Department of Pharmacology, New York Univer-
sity Medical Center, New York, New York 10016. causes transient activation of MAPK that results in cell
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proliferation, while NGF causes sustained activation of antibodies generated against Aplysia MAPK. Optical
sections, z4 mm thick, were acquired by confocal mi-MAPK, which leads to its nuclear translocation and re-
croscopy, and the mean fluorescence intensity in thesults in neuronal differentiation (Traverse et al., 1992;
nucleus and cytoplasm was measured as described inMarshall, 1995). This gradation of response isan obvious
the Experimental Procedures section. As shown in Fig-molecular parallel to the gradation of synaptic strength-
ure 1, in control cultures not treated with serotonin,ening in response to environmental stimuli, important
MAPK immunoreactivity was evident in both presynap-for learning, in both vertebrates and invertebrates. The
tic sensory and postsynaptic motor neurons, and wasthreshold for translocation of MAPK to the nucleus pro-
predominantly cytoplasmic in both cell types. Immedi-vides an attractive potential mechanism for the transi-
ately or 1 hr after exposure to one pulse of serotonin,tion between the covalent short-term forms, involving
MAPK immunoreactivity remained largely cytoplasmicstrengthening of preexisting connections, and the tran-
inboth pre- and postsynaptic cells. However, afterexpo-scription-dependent long-term forms, involving the
sure to five pulses of serotonin, MAPK immunoreactivitygrowth of new connections.
increased in the presynaptic cell nucleus but not in theFurthermore, in PC12 cells the MAPK pathway inter-
postsynaptic cell nucleus. This nuclear accumulation inacts synergistically with the cAMP pathway. When the
the presynaptic cell was observed in six blind experi-receptor tyrosine kinase EGFR is activated by its ligand
ments. Thus, whereas the presynaptic nuclear to cyto-EGF in the presence of a low concentration of cAMP, the
plasmic ratio of MAPK immunoreactivity was 0.35 6combined action causes sustained activation of MAPK,
0.03 in control cultures (n 5 38), 0.37 6 0.03 in cultureswhich in turn leads to its nuclear translocation, and to
treated with one pulse of serotonin and fixed immedi-the inhibition of proliferation and the onset of neuronal
ately (n 5 18), and 0.35 6 0.04 in cultures treated withdifferentiation (Yao et al., 1995). Thus, MAPK may act
one pulse of serotonin and fixed 1 hr later (n 5 9), itas a coincidence detector by integrating independent
rose to 0.61 6 0.04 in cultures treated with five pulsessignals entering the cell through multiple pathways,
of serotonin (n 5 39, P , .01 versus control and onesuch as the cAMP pathway and the tyrosine kinase
pulse). In the postsynaptic motor cell, the nuclear topathway.
cytoplasmic ratio of MAPK immunoreactivity was 0.25 6The cloning of Aplysia MAPK (apMAPK) and the avail-
0.02 in control cultures (n 5 26), 0.25 6 0.03 in culturesability of specific anti-apMAPK antibodies (Michael et
treated with one pulse of serotonin and fixed immedi-al., 1995, Soc. Neurosci. abstract) encouraged us to
ately (n 5 8), 0.27 6 0.05 in cultures treated with oneexplore the subcellular distribution of MAPK in sensory
pulse and fixed 1 hr later (n 5 4), and 0.29 6 0.02 inand motor neurons, before and during both short-term
cultures treated with five pulses of serotonin (n 5 20).and long-term facilitation. In this paper, we show that
These results indicate that whereas exposure to 5-HTrepeated pulses of serotonin or elevations of intracellu-
causing short-term facilitation produced no significantlar cAMP cause MAPK to translocate, in a graded fash-
change in MAPK localization, exposure to 5-HT produc-ion, into the nuclei of cultured presynaptic sensory neu-
ing long-term facilitation caused nuclear translocationrons but not cocultured postsynaptic motor neurons.
of MAPK that was selective to the presynaptic but notPresynaptic injection of anti-MAPK antibodies or inhibi-
the postsynaptic neuron. Similar results were obtainedtors of MAPK blocks long-term but not short-term facili-
in a smaller set of experiments using an antibody raisedtation. Thus, unlike PKA, which is recruited for both
against domain XI of rat MAPK (Gause et al., 1993),
short-term and long-term facilitation, and PKC, which
which recognizes Aplysia MAPK (data not shown).
is recruited for the short-term process, this is the first
example, toour knowledge, of a kinase recruitedspecifi-
cally for the long-term as opposed to the short-term Elevation of Intracellular cAMP Causes Presynaptic
form of synaptic plasticity in Aplysia. Nuclear Translocation of MAPK
Long-term facilitation of the sensory±motor neuron syn-
apse requires elevations of intracellular cAMP. We
Results therefore examined the subcellular localization of MAPK
in cultures exposed to forskolin, which elevates intracel-
MAPK Translocates to the Nucleus lular cAMP concentrations by activating adenylate cy-
of the Presynaptic Sensory Neuron clase, or Sp-cAMPs, a membrane-permeant, phospho-
during Long-Term Facilitation diesterase-resistant form of cAMP. Control cultures
In PC12 cells, as well as in a number of other cell types were either untreated or treated with 1,9-dideoxyfor-
(Traverse et al., 1992; Marshall, 1995), sustained activa- skolin, a forskolin analog that does not stimulate adenyl-
tion of MAPK leads to its translocation from the cyto- ate cyclase.
plasm to the nucleus. We therefore examined the sub- Bath application of forskolin (50 mM for 30 min) or
cellular localization of MAPK during short-term and Sp-cAMPs (50 mM for 1 hr) in a series of four blind
long-term facilitation. We exposed sensory±motor co- experiments caused nuclear translocationof MAPK spe-
cultures to one pulse of serotonin (10 mM, 5 min) to cifically in the presynaptic but not in the postsynaptic
produce short-term facilitation or to five pulses of sero- neuron (see Figure 2). Thus, in untreated control cul-
tonin (10 mM, 5 min at 20 min intervals) to produce tures, the nuclear to cytoplasmic ratio was 0.40 6 0.04
long-term facilitation. Either immediately or 1 hr after in sensory cells (n 5 14) and 0.32 6 0.05 (n 5 7) in
exposure to 5-HT, cells were fixed and processed for motor cells. Both Sp-cAMPs and forskolin treatment
significantly increased the nuclear to cytoplasmic ratioimmunocytochemistry using affinity-purified polyclonal
MAPK Nuclear Translocation Is Required for LTF
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Figure 1. Presynaptic Nuclear Translocation of MAPK with Five
Pulses of Serotonin
Five-day-old sensory±motor cocultures were treated with one 5 min
pulse of 10 mM serotonin (1 3 5-HT) or with five 5 min pulses of 10
mM serotonin (5 3 5-HT) at 20 min intervals or were mock treated
(control). Cultures were then fixed and processed for immunocyto-
chemistry using anti-Aplysia MAPK antibodies. Optical sections
were taken through motor and sensory cell bodies by confocal mi-
croscopy, and the mean fluorescence in the nucleus and cytoplasm
was determined.
(A) Examples of optical sections taken through the cell bodies of
L7 motor neurons (L7) and sensory neurons (SN) in mock-treated
(control) cultures, in cultures in which short-term facilitation was
evoked with one pulse of serotonin and either immediately fixed
(1 3 5-HT) or fixed after a 1 hr incubation (1 3 5HT 1 1 hr), and in
cultures in which long-term facilitation was evoked with five pulses
of serotonin (5 3 5-HT). Scale bar 5 50 mm.
(B) Histogram of the mean nuclear to cytoplasmic ratio of MAPK
immunoreactivity in L7 motor neurons (postsynaptic) and sensory neurons (presynaptic) in mock-treated (control) cultures, in cultures treated
with one pulse of serotonin and either immediately fixed (1 3 5-HT) or fixed after a 1 hr incubation (1 3 5HT 1 1 hr), and in cultures treated
with five pulses of serotonin (5 3 5-HT). Error bars represent SE. Asterisk, P , 0.01 compared to control and one pulse of serotonin. The
table presents the data obtained from the measurement of mean pixel value 6 SEM in sensory and motor cell nuclei and cytoplasm.
in sensory cells to 0.62 6 0.03 (n 5 20) and 0.61 6 0.03 We therefore asked: can MAPK translocate to the nu-
cleus of isolated sensory neurons, or does this translo-(n 5 14), respectively, without significantly altering the
ratio in motor cells (0.39 6 0.09, n 5 10, and 0.38 6 cation also require the presence of the motor neuron?
In three blind experiments (Figure 3), the nuclear to cyto-0.05, n 5 7, respectively). The inactive forskolin analog
1,9-dideoxyforskolin did not alter the subcellular local- plasmic ratio of MAPK immunoreactivity in isolated sen-
sory cell cultures was 0.38 6 0.04 in control, untreatedization of MAPK in either sensory or motor neurons
cultures (n 5 3 dishes/28 cells) and 0.41 6 0.05 in cul-(0.39 6 0.03, n 5 6, and 0.34 6 0.04, n 5 4, respectively).
tures treated with one pulse of serotonin (n 5 3 dishes/
20 cells). But this ratio rose to 0.62 6 0.04 in cultures
treated with five pulses of serotonin (n 5 3 dishes/30MAPK Translocates to the Nucleus
of Isolated Sensory Neurons cells). Bath application of forskolin similarly increased
the nuclear to cytoplasmic ratio of MAPK immunoreac-Whereas the ultimate growth that is a hallmark of long-
term facilitation in Aplysia requires the presence of the tivity to 0.63 6 0.05 (n 5 3 dishes, 18 cells). These results
indicate that the nuclear translocation of MAPK inducedpostsynaptic motor neuron (Glanzman et al., 1990), sev-
eral of the initial components of long-term facilitation, by serotonin or by cAMP agonists does not require the
presence of the postsynaptic motor neuron.such as the induction of C/EBP (Alberini et al., 1994)
and the internalization of the cell adhesion molecule Nuclear translocation of MAPK was not accompanied
by a disappearance of cytoplasmic immunoreactivity. InapCAM (Bailey et al., 1992), occur in isolated cultured
sensory neurons treated with five pulses of serotonin. fact, in many cases, the absolute amount of cytoplasmic
Neuron
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Figure 2. Elevated cAMP Triggers Presynaptic Nuclear Transloca-
tion of MAPK
Five-day-old sensory±motor cocultures were treated with forskolin
or its inactive analog, 1,9-dideoxyforskolin, with Sp-cAMPs, or were
mock treated. Cultures were then fixed and processed for immuno-
cytochemistry with anti-Aplysia MAPK antibodies. Optical sections
were taken through motor and sensory cell bodies by confocal mi-
croscopy, and the mean fluorescence in the nucleus and cytoplasm
was determined.
(A) Examples of optical sections taken through the cell bodies of
L7 motor neurons (L7) and sensory neurons (SN) in mock-treated
(control) cultures, cultures treated with Sp-cAMPs (50 mM for 1 hr),
forskolin (50 mM in 0.1% DMSO for 30 min), or 1,9-dideoxyforskolin
(50 mM in 0.1% DMSO for 30 min). Scale bar 5 50 mm.
(B) Histogram of the mean nuclear to cytoplasmic ratio of MAPK
immunoreactivity in L7 motor neurons (postsynaptic) and sensory
neurons (presynaptic) in mock-treated (control) cultures, in cultures
treated with Sp-cAMPs, forskolin,or 1,9-dideoxyforskolin. Error bars
represent SE. Asterisk, P , 0.01 compared to control and 1,9-
dideoxyforskolin treated.
MAPK immunoreactivity was higher in sensory cells ex- cytoplasmic ratio of MAPK immunoreactivity in sensory±
motor cultures was 0.32 6 0.03 in control, untreatedposed to five pulses of 5-HT (for example, see mean
pixel values in Figure 1), Sp-cAMPs, or forskolin than in cultures (n 5 8) and 0.37 6 0.04 in cultures treated with
one pulse of serotonin (n 5 8). By contrast, it was 0.47 6control cells. This reflected, at least in part, translocation
of MAPK from the neuronal processes to the cell soma, 0.04 in cultures treated with three pulses of serotonin
(n 5 8), and 0.62 6 0.03 in cultures treated with fiveas illustrated in Figure 3A.
pulses of serotonin (n 5 8) (Figure 4). Again, no changes
were observed in the postsynaptic nuclear to cyto-Three Pulses of Serotonin Cause an Intermediate
Nuclear Translocation of MAPK plasmic ratio of MAPK immunoreactivity. Thus, rather
than occurring at a threshold number of serotoninAlthough not statistically significant, one pulse of sero-
tonin slightly increased the nuclear to cytoplasmic ratio pulses, MAPK nuclear translocation occurred as a
graded response to serotonin stimulation.of MAPK immunoreactivity in both sensory±motor co-
cultures and in isolated sensory neurons (Figures 1 and
3). To determine whether MAPK translocation occurred Presynaptic Injection of Anti-MAPK Antibodies
Blocks Long-Term Facilitation withoutat a certain threshold of serotonin stimulation, or
whether it occurred as a graded response to increasing Affecting Basal Synaptic Transmission
or Short-Term Facilitationnumbers of stimuli, we examined the effect of three
pulses of serotonin on MAPK subcellular localization. The finding that long-term but not short-term facilitation
is associated with increases in the nuclear localizationIn two blind experiments, the presynaptic nuclear to
MAPK Nuclear Translocation Is Required for LTF
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Figure 3. MAPK Translocates into the Nu-
cleus of Isolated Sensory Neurons in Culture
Five-day-old cultures of isolated sensory
cells were mock treated, treated with one
pulse of serotonin (1 3 5-HT), five pulses of
serotonin (5 3 5-HT), or with forskolin (50 mM
in 0.1% DMSO for 30 min). Optical sections
were taken through the cell bodies by confo-
cal microscopy, and the mean fluorescence
in the nucleus and cytoplasm was deter-
mined.
(A) In the top four images, examples of optical
sections taken through the cell bodies of sen-
sory neurons mock treated (control), treated
with one pulse of serotonin (1 3 5-HT), with
five pulses of serotonin (5 3 5-HT), or with
forskolin. Scale bar 5 50 mm. The bottom
two images are single optical sections taken
through the initial axon segment and cell
soma of sensory cells mock treated (control)
or treated with five pulses of serotonin (5 3
5HT), illustrating the apparent translocation
of MAPK from the process to the soma. Scale
bar 5 50 mm.
(B) Histogram of the mean nuclear to cyto-
plasmic ratio of MAPK immunoreactivity in
sensory neurons in mock-treated cultures
(control), cultures treated with one pulse of
serotonin (1 3 5-HT), five pulses of serotonin
(5 3 5-HT), or forskolin. Error bars represent
SE. Asterisk, P , 0.01 compared to control
and one pulse of serotonin. The n represents
the number of individual culture dishes/total
number of individual cells. Averages were ob-
tained from each culture dish, and these were
then averaged to obtain the mean presented
in the histogram.
of MAPK led us to ask whether MAPK was required for
the long-term process. To address this question, we
injected polyclonal antibodies generated against do-
main XI of MAPK (Gause et al., 1993) into presynaptic
cells and tested the effect of these antibodies on (1)
basal synaptic transmission, (2) short-term facilitation
evoked with one pulse of serotonin, and (3) long-term
facilitation evoked with five pulses of serotonin. To test
for effects on basal synaptic transmission, the strength
of the sensory±motor synapse was recorded, the anti-
body was injected presynaptically, and the synaptic
strength was measured 2 hr later (as a control for short-
term facilitation) and 24 hr later (as a control for long-
term facilitation). In three blind experiments, cells in-
jected with preimmune antiserum and treated with five
pulses of serotonin (n 5 14) underwent an increase of
132% 6 30% in synaptic strength 24 hr later, whereas
cells injected with anti-MAPK antiserum (n 5 16) under-
went an increase of only 9% 6 13% in synaptic strength
(Figure 5). Cells injected with preimmune antiserum un-
derwent an 8.2% 6 6.4% decrease in synaptic strength
at 2 hr (n 5 8) and a 2.3% 6 7.2% increase at 24 hr
(n 5 8), while cells injected with anti-MAPK antiserum
underwent a 1.1% 6 6.7% increase at 2 hr (n 5 7) and
Neuron
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Figure 4. Graded Nuclear Translocation of MAPK with Increasing
Numbers of Serotonin Pulses
Five-day-old sensory±motor cocultures were treated with one 5 min
pulse of 10 mM serotonin (1 3 5-HT), three or five 5 min pulses of
10 mM serotonin (3 3 5-HT and 5 3 5-HT), or mock treated (control).
Cultures were then fixed and processed for immunocytochemistry
with anti-Aplysia MAPK antibodies. Optical sections were taken
through motor and sensory cell bodies by confocal microscopy,
and the mean fluorescence in the nucleus and cytoplasm was deter-
mined.
(A) Examples of optical sections taken through the cell bodies of
L7 motor neurons (L7) and sensory neurons (SN) in mock-
treated (control) cultures, and in cultures receiving one (1 3 5-HT),
three (3 3 5-HT), or five (5 3 5-HT) pulses of serotonin. Scale bar 5
50 mm.
(B) Histogram of the mean nuclear to cytoplasmic ratio of MAPK
immunoreactivity in L7 motor neurons (postsynaptic) and sensory
neurons (presynaptic) in mock-treated (control) cultures, and in cul-
tures treated with one (1 3 5-HT), three (3 3 5-HT), or five pulses
(5 3 5-HT) of serotonin. Error bars represent SE. *P , 0.05 compared
to control, **P , 0.01 compared to control and one pulse of sero-
tonin.
a 3.2% 6 8.4% increase at 24 hr (n 5 7). The mean PD098059, a Pharmacological Inhibitor of MEK,
Blocks Long-Term Facilitation without Affectingshort-term facilitation measured in cells injected with
preimmune serum was 92% 6 16.4% (n 5 7); in cells Basal Synaptic Transmission or
Short-Term Facilitationinjected with anti-MAPK antiserum, it was 92% 6 10.1%
(n 5 8). Thus, presynaptic microinjection of anti-MAPK Microinjected anti-MAPK antibodies may block long-
term facilitation either by blocking MAPK activity or byantiserum blocked long-term facilitation selectively
without affecting basal synaptic transmission or short- preventing the nuclear import of MAPK. Since nuclear
events are required for long-term but not for short-termterm facilitation, strongly suggesting that MAPK is spe-
cifically required for the long-term process. facilitation, it is possible that the anti-MAPK antibodies
could block MAPK nuclear import and the long-termTo further control for possible deleterious effects of
anti-MAPK injections in sensory neurons, we measured process without interfering with a possible cytoplasmic
role of MAPK in the short-term process. We thereforeshort-term facilitation 24 hr after injection of either pre-
immune or anti-MAPK antiserum. The mean short-term specifically tested the role of MAPK in short-term facili-
tation using PD098059, an inhibitor of MEK, the MAPKfacilitation measured in cells injected 24 hr earlier with
anti-MAPK antibodies was 73.8% 6 11.9% (n 5 6), not kinase, which blocks MAPK activation throughout the
cell (Alessi et al., 1995; Dudley et al., 1995). As a controlsignificantly different from that measured in cells in-
jected with preimmune serum (54.5% 6 8.3%, n 5 4). on the efficacy of the inhibitor, we also examined the
long-term process. Presynaptic sensory neurons wereThus, anti-MAPK antibody injection does not affect the
ability of sensory neurons to modulate transmitter re- microinjected with PD098059 (10 mM), and the cultures
were then treated with serotonin to evoke short-termlease.
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facilitation or long-term facilitation. We found no signifi-
cant effect of PD098059 injection on either basal synap-
tic transmission or short-term facilitation (Figure 6). By
contrast, PD098059 blocked the long-term process.
Whereas cells injected with vehicle alone (0.01% DMSO,
n 5 12) underwent a 83% 6 20% increase in synaptic
strength 24 hr after treatment with five pulses of seroto-
nin, cells injected with PD098059 (n 5 11) only under-
went a 9.1% 6 6% increase (P , 0.01). Injection with
vehicle alone did not significantly alter basal synaptic
transmission, short-term facilitation, or long-term facili-
tation as compared with uninjected cells (Figure 6).
Forskolin Activates MAPK in Mouse
Hippocampal Neurons
Is the role of MAPK in long-lasting synaptic plasticity
restricted to Aplysia, or does it play a more general role
in long-lasting synaptic plasticity in other species? To
begin to address this question, we examined MAPK
activation in mouse hippocampal slices, which undergo
a form of long-lasting synaptic plasticity, late long-term
potentiation, that is analogous to long-term facilitation
in Aplysia (Bliss and Collingridge, 1993). As is the case
in Aplysia, the late phase of hippocampal long-term po-
tentiation requires transcription, translation, and PKA
activity; and, in fact, forskolin treatment is capable of
inducing late long-term potentiation (Frey et al., 1993;
Huang and Kandel, 1994; Huang et al., 1994; Nguyen et
al., 1994; Weisskopf et al., 1994; Abel et al., 1997). Stud-
ies by Thomas et al. (1994) have shown that p42 MAPK
mRNA is induced during long-term potentiation in the
hippocampus, and English and Sweatt (1996) have
shown that p42 MAPK is activated during long-term
potentiation in the CA1 region of the hippocampus.
Given our finding that forskolin treatment caused pre-
synaptic MAPK nuclear translocation in Aplysia sensory
cells, we examined the effect of forskolin on MAPK sub-
cellular localization in mouse hippocampal slices. In ad-
dition to examining the nuclear translocation of MAPK,
we used an antibody that specifically and exclusively
recognized the phosphorylated, active forms of p42 and
p44 MAPK (see Experimental Procedures).
Using this antibody, as well as an antibody that indis-
criminately recognizes the phosphorylated and the non-
phosphorylated forms of p42 and p44 MAPK, we found
that the injury of acute dissection itself powerfully acti-Figure 5. Microinjection of Anti-MAPK Antibodies Blocks Long-
vated MAPK. Thus, whereas MAPK immunoreactivity isTerm Facilitation without Affecting Basal Synaptic Transmission or
Short-Term Facilitation localized in hippocampal dendrites and cell soma in
Excitatory postsynaptic potentials (EPSPs) were recorded from five- perfusion-fixed animals (Fiore et al., 1993; data not
day-old sensory±motor cocultures. Sensory cells were then microin- shown), we found that immediately following hippocam-
jected with preimmune serum or with anti-MAPK antibodies. To test
pal dissection and preparation of slices, MAPK wasfor effects on basal synaptic transmission (basal), cultures were
returned to 188C, and the EPSP was recorded either 2 hr or 24 hr present in the cell bodies of CA1 pyramidal cells (Figure
after microinjection. To test for effects on short-term facilitation 7, 0 min), and that by 15 min, there was a clear transloca-
(short-term), cultures received one 5 min pulse of serotonin (10 mM)
tion of MAPK into the pyramidal cell nuclei and an in-2 hr after microinjection, and the EPSP was recorded 5±10 min
crease in the amount of active, phosphorylated MAPKlater. To test for effects on long-term facilitation (long-term), cultures
received five 5 min pulses of serotonin (10 mM) at 20 min intervals, (Figure 7, 15 min). MAPK remained in the nucleus 90
and the EPSP was tested 18±24 hr later. Shown are representative min after dissection, but there was a sharp decrease in
tracings of EPSPs recorded before and after injection with preim-
the amount of phosphorylated, active MAPK,suggestingmune serum or with anti-MAPK antibodies, in cultures treated with
one pulse of serotonin (short-term facilitation) or with five pulses of that MAPK is dephosphorylated in the nucleus. In this
serotonin (long-term facilitation). The histogram shows percentage context, it is interesting to note that the dual specificity
change in mean EPSP amplitude before and after treatment in cul-
MAPK phosphatase, MKP-1, is nuclear (Brondello et al.,tures injected with preimmune or anti-MAPK antibodies. Error bars
1995) and is transcriptionally up-regulated during long-represent SE. Anti-MAPK, P , 0.01 compared with preimmune dur-
ing long-term facilitation. term potentiation in the hippocampus (Qian et al., 1994).
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Addition of forskolin (50 mM for 10min) at 90 min dramati-
cally increased the amount of phosphorylated MAPK in
the pyramidal cell nuclei. A similar increase in MAPK
phosphorylation was observed in CA3 pyramidal and
dentate granule cell nuclei (data not shown). Thus, for-
skolin, which activates PKA by increasing intracellular
cAMP concentrations, also appears to activate MAPK
in mammalian hippocampal neurons. Since elevations
in cAMP are sufficient to produce enduring long-term
potentiation of hippocampal synapses, and since these
synapses are also thought to undergo a structural
change following long-term potentiation (Harris and Lis-
man, 1993; Edwards, 1995; Geinisman et al., 1996;
Buchs and Muller, 1996; Golan et al., 1996, Soc. Neu-
rosci. abstract), our findings raise the possibility that
MAPK also plays a role in this form of synaptic plasticity.
Discussion
Three central findings emerge from these studies. First,
long-term facilitation induces nuclear translocation of
MAPK in the presynaptic but not in the postsynaptic
neuron in Aplysia sensory±motor cocultures. Second,
MAPK is required in the presynaptic neuron for the long-
term but not the short-term form of facilitation. To our
knowledge, this is the first example of a kinase being
specifically recruited for the long-term form of synaptic
plasticity. Third, MAPK translocates to the nuclei of hip-
pocampal neurons in response to an increase in cAMP,
indicating that MAPK may play a general role in synaptic
plasticity.
Nuclear Translocation of MAPK
Occurs Presynaptically
The consolidation of short-term to long-term facilitation
requires gene expression, and the identified molecular
steps underlying this consolidation have all been pre-
synaptic. Thus, CREB1 activation, CREB2 derepression,
and C/EBP induction all occur in the nuclei of presynap-
tic sensory cells (Dash et al., 1990; Alberini et al., 1994;
Bartsch et al., 1995). Since each of these factors has
MAPK phosphorylation sites, and all are potential sub-
strates of MAPK, the finding that MAPK nuclear translo-
cation occurs presynaptically places MAPK in the ap-
propriate location to be involved in the modulation of
these transcription factors.
Consistent with this idea, we found that MAPK was
required for long-term facilitation (which requires nu-Figure 6. Microinjection of MEK Inhibitor PD098059 Blocks Long-
Term Facilitation without Affecting Short-Term Facilitation or Basal clear events), but not for short-term facilitation (which
Synaptic Transmission does not require nuclear events), using two separate
Excitatory postsynaptic potentials (EPSPs) were recorded from five- experimental protocols. First, polyclonal anti-MAPK an-
day-old sensory±motor cocultures. Sensory cells were then microin- tibodies were microinjected into the presynaptic neu-
jected with the MEK inhibitor PD098059 in 0.01% DMSO or with
rons and found to block the long-term process selec-the vehicle, 0.01% DMSO. To test for effects on basal synaptic
tively. However, since nuclear events are required fortransmission (basal), cultures were returned to 188C, and the EPSP
long-term but not for short-term facilitation, blockadewas recorded 24 hr after microinjection. To test for effects on short-
term facilitation (short-term), cultures received one 5 min pulse of of MAPK nuclear import would be expected to block
serotonin (10 mM) 2 hr after microinjection, and the EPSP was re- only the long-term process, even if MAPK were involved
corded 5±10 min later. To test for effects on long-term facilitation
(long-term), cultures received five 5 min pulses of serotonin (10 mM)
at 20 min intervals, and the EPSP was tested 18±24 hr later. Shown
are representative tracings of EPSPs recorded before and after change in mean EPSP amplitude before and after treatment, in
injection with PD098059 or with vehicle, in cultures treated with one cultures injected with preimmune or anti-MAPK antibodies. Error
pulse of serotonin (short-term facilitation) or with five pulses of bars represent SE. PD098059, P , 0.01 compared with DMSO during
serotonin (long-term facilitation). The histogram shows percentage long-term facilitation.
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Figure 7. Nuclear Translocation of MAPK in
CA1 Pyramidal Cells
Hippocampal slices were processed for immu-
nocytochemistry using antibodies recognizing
nonphosphorylated and phosphorylated p42
and p44 MAPK (MAPK) or antibodies recogniz-
ing exclusively the phosphorylated forms of
p42 and p44 MAPK (Phospho-MAPK). Slices
were fixed immediately after dissection (0 min),
15 min after dissection (15 min), 90 min after
dissection (90 min), or 90 min after dissection
during which the slices were exposed to for-
skolin (50 mM) for the last 10 min (90 min 1
forskolin). Optical sections of the CA1 pyrami-
dal cell body layer were imaged by confocal
microscopy. Scale bar 5 25 mm.
in the short-term process. We therefore also carried out C/EBP, whose induction is required for long-term facili-
tation, is also a potential nuclear substrate of MAPKexperiments with theMEK inhibitor PD098059 and found
that it blocks MAPK activation throughout the cell. Nev- (Nakajima et al., 1993). In fact, MAPK phosphorylation
of apC/EBP has been found to greatly increase its DNAertheless, we found that PD098059 also selectively
blocked long-term facilitation, without affecting basal binding (Yamamoto et al., 1996, Soc. Neurosci. ab-
stract).synaptic transmission or short-term facilitation. To-
gether these findings indicate that MAPK is recruited Together, the combined actions of MAPK in the cyto-
plasm and in the nucleus suggest that it plays multipleselectively for the long-term process.
However, the finding that MAPK is required for the roles in long-lasting synaptic plasticity. By acting on
different targets in the nucleus and the cytoplasm, itlong-term process does not mean that it acts only in
the nucleus. In fact, activated MAPK has substrates in appears to regulate each of the two distinctive pro-
cesses that characterize the long-term process: activa-both the cytoplasm and the nucleus of sensory neurons.
In the following paper, Bailey et al. (1997 [this issue of tion of transcription and growth of new synaptic connec-
tions.Neuron]) show that MAPK phosphorylation is required in
the cytoplasm for the internalization of the cell adhesion The finding that long-lasting changes require gene
expression has been difficult to reconcile with the ideamolecule apCAM. By causing defasciculation of sensory
neurons, the internalization of apCAM is thought to re- that efficient information storage should occur in a syn-
apse-specific and not in a cell-specific manner (Goeletlieve a restraint on growth and thereby to permit new
synapse formation. et al., 1986; Lisman, 1995; Sossin, 1996; Frey and Morris,
1997). How is it that the products of gene expressionIn the nucleus, long-term facilitation depends not only
on activation of the transcription factor CREB1, but also act to alter synaptic strength at specific synapses and
not at all synapses made by that neuron? Are they tar-on the derepression of the transcription factor CREB2.
MAPK may be involved in either or both of these steps. geted to specific synapses, or are they targeted to all
synapses but only function to alter synaptic strengthIn several cell types, including PC12 cells (Nakajima et
al., 1996; Xing et al., 1996), CREB1-mediated transcrip- at synapses previously marked by activity? Studies of
Drosophila neuromuscular junction formation by Schus-tion has been found to require MAPK activity. In addition,
CREB2, which lacks a PKA site, contains prominent ter et al. (1996) and Davis et al. (1996) have indicated
that increases in synaptic strength require two events:conservedMAPK sites. Finally, the immediate early gene
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down-regulation of cell adhesion molecules at the al., 1994) and PC12 cells (Frodin et al., 1994). Whereas
cAMP appears to inhibit Ras-dependent stimulation ofplasma membrane and CREB-mediated gene expres-
sion in the nucleus. By triggering apCAM internalization Raf kinase in all cells, in certain cells, cAMP appears
to inhibit the Raf kinase without affecting downstreamat the plasma membrane and, potentially, CREB-medi-
ated transcription in the nucleus, MAPK may contribute components of the MAPK cascade, indicating that there
are Ras- or Raf-independent pathways leading to MEKto both the local and the nuclear steps required for
synaptic strengthening. One possibility is that long-last- and MAPK activation (Vaillancourt et al., 1994; Faure
and Bourne, 1995). Recent studies in PC12 cells haveing synaptic plasticity not only requires transcription,
but also requires local protein synthesis, which serves indicated that cAMP activates MAPK through B-Raf but
inhibits MAPK through Raf1 (Vossler et al., 1997). Bothto mark specific synapses. According to this view,
MAPK may activate transcription in the nucleus and Sp-cAMPs and forskolin elevate cAMP pre- and post-
synaptically yet cause nuclear translocation exclusivelyactivate protein synthesis at the synapse, for example
by phosphorylating PHAS1 (Lin et al., 1994). in the presynaptic neuron. This raises the intriguing pos-
sibility that the activation of MAPK by the cAMP pathwayNuclear translocation of MAPK is not necessarily
equivalent, however, to its activation. In fact, in fibro- is cell-type dependent.
Rather than acting in series, MAPK might act in paral-blasts, mutation of the threonine and tyrosine sites in
MAPK phosphorylated by MEK does not abolish nuclear lel with PKA during long-term facilitation. Just as growth
factors that activate MAPK have been shown to be re-translocation of MAPK in response to serum stimulation
(Gonzalez et al., 1993), indicating that in these cells, cruited during long-term potentiation in the hippocam-
pus, so the growth factors BDNF and TGF-b have beenactivation and nuclear translocation of MAPK may be
dissociated from one another. Nonetheless, our results found to produce long-term facilitation of Aplysia sen-
sory±motor synapses (McKay and Carew, 1996, Soc.show that by translocation into the presynaptic nucleus,
MAPK is in the right place to affect transcription factors Neurosci. abstract; Zhang et al., 1997). It is therefore
possible that 5-HT triggers release of endogenouswhose modulation is required by long-term facilitation.
Although the requirement for gene expression during growth factors, and that these growth factors act back
on the sensory neurons to activate MAPK throughlong-term facilitation appears to be predominantly pre-
synaptic, the growth accompanying long-term facilita- growth factor receptor kinases. If MAPK acts both
downstream of and in parallel with PKA, then MAPK cantion requires the presence of the postsynaptic motor
neuron (Glanzman et al., 1990). The exclusively presyn- be thought of as a coincidence detector that integrates
signals entering cells through the PKA and tyrosine ki-aptic translocation of MAPK suggests that MAPK modu-
lates a presynaptic component of synaptic strengthen- nase pathways (see Figure 8).
ing and growth. However, we have only examined cells
immediately following training for facilitation. It is possi-
A Combinatorial Threshold Modelble that at later time points, MAPK also becomes acti-
for Long-Term Facilitationvated in the motor neuron or that MAPK is activated in
A central question concerning the consolidation ofa cytoplasmically restricted manner along the receptive
short-term facilitation to long-term facilitation is whethersurface of the motor cell. In preliminary experiments,
short-term and long-term facilitation are components ofwe have not observed an increase in the nuclear to
a single graded process, or whether some thresholdcytoplasmic ratio of MAPK in motor neurons 30 min, 2
differentiates long-term from short-term facilitation. Thehr, or 24 hr after serotonin treatment (data not shown).
fact that repetition converts short-term facilitation toThe one stimulus we have found that causes MAPK
long-term facilitation in a graded way supports the ideanuclear translocation in L7 motor neurons is axotomy-
of a graded process, while the finding that long-terminduced injury (data not shown). It will be interesting to
but not short-term facilitation requires gene expressionsee whether other stimuli, such as PKC activation or
supports the idea of a threshold. Is there a moleculartreatment with the peptide FMFRamide, which causes
representation of this threshold? Our data indicate thatlong-term synaptic depression, trigger postsynaptic
MAPK translocates to the nucleus in a graded manner.MAPK nuclear translocation.
One pulse of 5-HT causes a small, insignificant increase
in the nuclear to cytoplasmic ratio of MAPK immunore-
activity, three pulses cause a significant increase, andElevation of Intracellular cAMP Triggers
MAPK Translocation Presynaptically five pulses cause a still larger increase. Thus, assuming
that the nuclear translocation of MAPK reflects its acti-The nuclear translocation of MAPK in presynaptic neu-
rons in response to forskolin and Sp-cAMPs treatment vation, one molecular component required specifically
for long-term facilitation, MAPK activation, occurs in aindicates that the PKA and MAPK pathways interact in
sensory cells, and that MAPK may either be downstream graded way as opposed to at a certain threshold.
Bartsch et al. (1995) found that one pulse of 5-HT wasof PKA or may act to integrate signals coming through
the cAMP and tyrosine kinase pathways. cAMP has sufficient to induce long-term facilitation after inactiva-
tion of CREB2 and suggested that the five pulses maybeen found to have differential effects on the MAPK
pathway in different cell types. Thus, cAMP inhibits not be required for activation of CREB1 but for derepres-
sion of CREB2. According to this type of model, multipleMAPK activation in Rat-1 cells (Cook and McCormick,
1993), smooth muscle cells (Graves et al., 1993), CHO molecular components (e.g., MAPK and PKA, among
others) each respond in a graded manner to reach acells, and adipocytes (Sevetson et al., 1993). By con-
trast, it stimulates the MAPK pathway in COS (Faure et combinatorial threshold (as suggested in Figure 8). This
MAPK Nuclear Translocation Is Required for LTF
909
Figure 8. A Combinatorial Threshold Model Whereby MAPK Nuclear Translocation Contributes to Long-Term Facilitation
During training for sensitization, serotonin (5-HT) is released onto the presynaptic neuron by a facilitory interneuron. Binding of 5-HT to the sensory
cell serotonin receptor stimulates adenylate cyclase, leading to an elevation of intracellular cAMP concentration. This in turn activates PKA, and
the PKA catalytic subunit then translocates to the nucleus (Backsai et al., 1993) where it may phosphorylate CREB1. The elevation in intracellular
cAMP also activates the MAPK pathway by an unknown mechanism. This activation of MAPK may be downstream of PKA; e.g., PKA may
phosphorylate a small G protein such as rap1 and thereby activate MAPK (Vossler et al., 1997). Alternatively, MAPK activation may occur in parallel
with PKA activation; e.g., it is possible that during facilitation, growth factors are released that bind to growth factor receptors and lead to MAPK
activation through the ras±raf±MEK cascade (dotted lines; see also McKay and Carew, 1996, Soc. Neurosci. abstract; Zhang et al., 1997). Activated
MAPK has substrates both in the cytoplasm and in the nucleus. In the cytoplasm, it phosphorylates apCAM, thereby promoting growth as described
in the comparison paper (Bailey et al., 1997). MAPK also translocates to the nucleus, where it may phosphorylate a number of transcription factors,
including the transcription repressor CREB2 and the immediate early gene C/EBP through pp90RSK, the transcriptional activator CREB1. The
consolidation of short-term to long-term facilitation may occur only when both PKA and MAPK (and perhaps other signaling molecules) reach a
threshold of spatial and temporal activation. For example, it is possible that sufficient PKA must translocate to the nucleus to phosphorylate CREB1
and that sufficient MAPK must translocate to the nucleus to phosphorylate CREB2, in order for CREB-mediated transcription to proceed and for
transient changes in synaptic strength to be converted into enduring changes. G, small GTP-binding protein, e.g., rap1.
type of combinatorial thresholding would provide in- led to its nuclear translocation. This is consistent with
the finding that several of the transcription factors acti-creased specificity to the learning process, as multiple
pathways would have to be activated in a temporally vated by stimuli producing synaptic plasticity, such as
C/EBP, fos, and jun, are also activated by injury (Alberinidefined way for learning to occur. It might also help
to explain the substantial variability observed between et al., 1994; K. Wager-Smith, personal communication).
MAPK is dephosphorylated in the nucleus but can bemembers of the same species in the ability to learn,
since allelic variations in any of multiple pathways may rephosphorylated by exposure to forskolin. Thus, PKA
appears to activate MAPK not only in Aplysia sensoryaffect learning efficiency.
neurons, but also in hippocampal pyramidal and granule
cells. Since PKA is a required component of long-termMAPK Also Translocates to the Nucleus
in the Hippocampus potentiation, these findings suggest the interesting pos-
sibility that MAPK and PKA may serve companion rolesMight there be a similar combinatorial threshold for spa-
tial memory in mice? Does MAPK play a general role in in a variety of different forms of long-lasting synaptic
plasticity. As a corollary, these findings suggest that along-lasting forms of synaptic plasticity? MAPK has
been found tobe phosphorylated by activation of NMDA combination at threshold may be a common feature of
the molecular switch from short- to long-term memoryreceptors in cultured hippocampal neurons (Bading and
Greenberg, 1991) and to be activated by stimuli produc- storage.
ing long-term potentiation in the CA1 region of hippo-
campal slices (English and Sweatt, 1996). Studies of Experimental Procedures
gene expression during hippocampal long-term potenti-
ation have shown, furthermore, that MAPK, ERK2, and Aplysia Cell Cultures
Sensory±motor cocultures were preparedfrom Aplysia as previouslythe MAPK phosphatase MKP-1 are induced during long-
described (Montarolo et al., 1986). Briefly, abdominal ganglia wereterm potentiation (Qian et al., 1994; Thomas et al., 1994).
removed from 1±4 g Aplysia, and pedal-pleural ganglia were re-Since MAPK is capable of phosphorylating several key
moved from 80±100 g animals. After digestion in type IX protease
transcription factors, we asked whether MAPK also (Sigma, 10 mg/ml) for 1 hr 40 min at 348C, the abdominal ganglia
translocated to the nucleus of hippocampal neurons. were desheathed, and the L7 motor neuron was removed, using a
glass microelectrode, and plated on poly-l-lysine coated dishes in
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L15 medium containing 50% hemolymph. Sensory neurons were Microinjection and Electrophysiology
Excitatory postsynaptic potentials (EPSPs) were measured in sen-removed from the pleural ganglia after 2 hr of digestion and were
sory±motor cocultures as previously described (Montarolo et al.,plated such that their terminal process came into contact with the
1986; Dale et al., 1988). Briefly, the L7 motor neuron was impaledinitial segment of the L7 motor neuron. Two sensory cells were
with a glass microelectrode of 10 MV resistance filled with 2.5 Mplated with each motor neuron. Cultures were maintained at 188C
potassium chloride, and the membrane potential was held at 230for 5±6 days. Isolated sensory cell cultures were prepared by plating
mV below its resting value. The EPSP was evoked in L7 by stimulat-10±20 sensory cells in a single dish.
ing the sensory neurons with a brief depolarizing stimulus using an
extracellular electrode. Results were stored on a four channel tapeAplysia Immunocytochemistry
recorder. Sensory cells were microinjected with glass microelec-Five-day-old cultures were incubated in hemolymph-free medium
trodes filled with 1 mg/ml anti-MAPK antibody, 1 mg/ml preimmunefor 2±4 hr. They were then mock treated or treated with one, three,
serum, 10 mM PD098059 (New England Biolabs) in 0.01% DMSO,or five pulses of serotonin (Sigma), with forskolin or dideoxyfor-
or 0.01% DMSO, all in 400 mM potassium acetate 10 mM Tris-skolin (Calbiochem), or with Sp-cAMPs (Biolog). Cultures treated
HCl (pH 7.4). Injection microelectrodes were beveled to z20 MVwith one pulse of serotonin received 10 mM serotonin for 5 min at
resistance. To determine the effect of microinjected molecules on
188C; cultures treated with three or five pulses of serotonin received
long-term facilitation, initial EPSPs were measured, sensory cells
10 mM serotonin at 188C at 20 min intervals. Mock-treated cul- were microinjected, and, 1 hr later, treated with five 5 min pulses
tures underwent equivalent numbers of medium changes. Cultures of serotonin (10 mM) at 20 min intervals. The cultures were main-
treated with forskolin or 1,9-dideoxyforskolin received 50 mM for- tained at 188C, and the EPSP was again measured 18±24 hr after
skolin in 0.1% DMSO for 30 min at 188C. Cultures treated with microinjection. To determine the effect of microinjected molecules
Sp-cAMPs received 50 mM Sp-cAMPs for 1 hr at 188C. Mock-treated on short-term facilitation, initial EPSPs were recorded, sensory cells
cultures received equivalent changes of medium. Cultures were were microinjected, and 2 or 24 hr later, cultures were treated with
rinsed with artificial seawater and fixed at room temperature for 30 a single 5 min pulse of serotonin (10 mM), and the EPSP was mea-
min in 4% paraformaldehyde in phosphate-buffered saline (PBS) con- sured 5±10 min later. To determine the effect of microinjected mole-
taining 30% sucrose. They were then washed three times in PBS cules on basal synaptic transmission, initial EPSPs were recorded,
containing 30% sucrose, permeabilized in 0.1% Triton X-100 in PBS sensory cells were microinjected, the cultures were maintained at
containing 30% sucrose for 10 min at room temperature, and 188C, and the EPSP was again recorded 2 or 24 hr after microinjec-
washed three times in PBS; the free aldehydes were quenched in tion. All data are presented as mean percentage change 6 SEM in
50 mM ammonium chloride in PBS for 15 min at room temperature. the EPSP amplitude measured in L7 after treatment, compared with
Nonspecific antibody binding was blocked by incubation in 10% the initial EPSP. A one-way analysis of variance and Newman Keuls'
goat serum in PBS for 30±60 min at room temperature. The cultures multiple range test was used to measure the significance of the
were then incubated with primary antibody diluted 1:200 in 10% EPSP changes produced by the treatments.
goat serum in PBS, overnight, at 48C. After being washed four times
in PBS, for 10 min each time, the cultures were incubated in Cy3 MAPK Immunoreactivity in Hippocampal Slices
goat anti-rabbit antibody (Jackson Immunoresearch) diluted 1:200 Six-week-old C57/B16 mice were killed by cervical dislocation, and
in 10% goat serum, for 1±2 hr, at room temperature. The cultures their hippocampi were immediately dissected. Slices (400 mm) were
were then washed in PBS four to five times, for 10 min each time. cut on a manual tissue chopper and were immediately placed in
They were viewed by a separate individual on a Zeiss Axiovert fixative orwere incubated inoxygenated artificial cerebrospinal fluid
microscope mounted on a Biorad MRC1000 laser confocal scanning (124 mM sodium chloride, 4.4 mM potassium chloride, 25 mM so-
dium bicarbonate, 2 mM sodium phosphate dibasic, 23 mM calciummicroscope. Images were taken using a 403, NA.75 objective, with
chloride, 1.3 mM magnesium sulfate, and 10 mM glucose) at 378Cthe smallest confocal aperture (setting of 0.7), a 15 mW argon kryp-
for the indicated time periods. To treat with forskolin,50 mM forskolinton laser, neutral density filters allowing 30% of illumination to pass,
was added to the slices at 80 min, for 10 min at 378C. The slicesand the gain ata setting of 1340. Optical sectionswere taken through
were fixed for 1 hr at room temperature in 4% paraformaldehyde,the cell at the level where the nucleus was darkest. In eight cultures,
washed in PBS, permeabilized in 0.3% Triton X100 in PBS for 1 hra Z series consisting of 50±100 optical sections was collected
at room temperature, washed with PBS, and quenched in 50 mMthroughout the entire Z plane of the motor and sensory neurons.
ammonium chloride in PBSfor 30 min at room temperature. Nonspe-Kalman averages of five scans were collected for each image. No
cific antibody binding was blocked by incubation of the slices inimage processing was performed prior to quantitation. The mean
10% normal goat serum in PBS for 1 hr at room temperature. Thepixel intensity (pixel values 0±255) in the nucleus and in the cyto-
slices were then incubated with polyclonal anti-p42 and p44 MAPKplasm was determined by manually outlining the nucleus and the
antibodies (New England Biolabs) or anti-phospho-p42 and p44cytoplasm, using either the Biorad Comos software or the Universal
MAK antibodies (New England Biolabs), both diluted 1:200 in 10%Imaging Metamorph program. The ratio of nuclear to cytoplasmic
goat serum/PBS for 24±36 hr at 48C. After extensive washing in PBSimmunoreactivity was determined from these values, using Micro-
(five to six washes of 30 min each), slices were incubated in Cy3soft Excel. All data are presented as mean nuclear to cytoplasmic
goat anti-rabbit secondary antibodies (Jackson Immunoresearch)immunoreactivity 6 SEM. A one-way analysis of variance and New-
diluted1:200 in10% goat serum/PBS for 2±4 hr at room temperature.man Keuls' multiple range test was used to measure changes in
After extensive washing in PBS (five to six washes of 30 min each),nuclear to cytoplasmic MAPK immunoreactivity with treatment. It
slices were viewed on a Biorad confocal microscope mounted on ais worth noting that while there was some variability in the ability
Zeiss Axiovert microscope, using a 403 objective. Optical sections,of MAPK to undergo nuclear translocation in response to serotonin,
z10 mm thick, were taken at a depth of z100 mm into the slice.forskolin, and Sp-cAMPs treatment, the main source of variability
Kalman averages of five scans were collected using 10% of the
arose from variability in the baseline amount of nuclear MAPK in
laser light (15 mW argon-krypton laser) and maximum gain.
sensory cells from culture to culture. This interculture variability
appeared to be reduced by 2±4 hr hemolymph starvation. Acknowledgments
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